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Abstract: This study was performed to evaluate the ability of A^-(2-hydroxypropyl)-3-tri 
methylammonium chitosan chloride (HTCC), the cationically modified chitosan, to form 
biologically inactive complexes with unfractionated heparin and thereby blocking its 
anticoagulant activity. Experiments were carried out in rats in vivo and in vitro using the 
activated partial thromboplastin time (APTT) and prothrombin time (PT) tests for 
evaluation of heparin anticoagulant activity. For the first time we have found that HTCC 
effectively neutralizes anticoagulant action of heparin in rat blood in vitro as well as in rats 
in vivo. The effect of HTCC on suppression of heparin activity is dose-dependent and its 
efficacy can be comparable to that of protamine-the only agent used in clinic for heparin 
neutralization. HTCC administered i.v. alone had no direct effect on any of the coagulation 
tests used. The potential adverse effects of HTCC were flirther explored using rat experimental 
model of acute toxicity. When administered i.p. at high doses (250 and 500 mg/kg body 
weight), HTCC induced some significant dose-dependent structural abnormalities in the 
liver. However, when HTCC was administered at low doses, comparable to those used for 
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neutralization of anticoagulant effect of heparin, no histopathological abnormalities in liver 
were observed. 

Keywords: chitosan; HTCC; unfractionated heparin; heparin antidote; protamine; 
coagulation; hepatotoxicity 



1. Introduction 

Heparin, usually used in cardiovascular surgery to prevent thromboembolism, often leads to a high 
incidence of bleeding complications. To reverse its anticoagulant action, protamine sulfate is routinely 
used. Protamine consists of a group of heterogeneous cationic peptides obtained from fish and its 
antiheparin activity results from the attractive electrostatic interaction with anionic heparin [1]. It is a 
relatively safe drug; however, its administration is occasionally associated with severe, life-threatening 
reactions, including significant systemic hypotension, severe pulmonary hypertension, anaphylactic 
shock, fatal cardiac arrest as well as thrombocytopenia [2]. Although adverse events after protamine 
administration might be associated with significant morbidity and mortality, there is a lack of clinically 
reliable alternative substance for heparin neutralization. 

hi an attempt to address this clinical problem, we tested a modified chitosan — a polymer derived 
from chitin through partial deacetylation — as a potentially effective heparin antagonist. Chitosan, as a 
cationic polysaccharide, can interact with negatively charged (macro)molecules. This feature was 
essential for our concept that chitosan can interact with heparin. Chitosan is one of the most promising 
poljmiers in the biomedical field because of its biocompatibility and biodegradability [3,4]. In recent 
years, chemically modified chitosans, developed in order to improve the properties of the native 
chitosan for oral drug delivery, have gained increasing attention [5-7]. Moreover, other beneficial 
properties such as antitumor, hypocholesterolemic, weight lowering, antioxidant, neuroprotective, and 
antimicrobial presented it to nutritional health supplements [7-9]. 

However, the main limitations on use of chitosan in several applications are its high viscosity and 
low solubility at neutral pH. Thus, A^-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride (HTCC), 
a bioactive cationically modified chitosan has been obtained by the chemical substitution of chitosan 
with glycidyltrimethylammonium chloride (GTMAC) containing cationic ammonium groups [10]. The 
main rationale for carrying out chemical modification of the chitosan molecule was to obtain a 
compound with good solubility at physiological pH — ideally at pH = 7.4 which is the value typical for 
blood, allowing to perform animal study with the use of i.p. and/or i.v. routes of administration. 
Cationically modified (quatemized) chitosan is a beige-colored, solid-stated, stable at room temperature 
substance that can be powdered. HTCC shows good solubility at physiological pH and displays a high 
efficiency of heparin binding. Finally, it was proved that in model buffers at neutral pH HTCC forms 
complexes with heparin molecules [10,11]. Therefore, the aim of our study was to test the ability of 
HTCC to neufralize anticoagulant activity of heparin in rat blood in vitro and in vivo. 
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2. Materials and Methods 

2.1. Materials 

Heparin sodium injection (5000 USP units/mL) was purchased from Polfa (Warsaw, Poland). 
Protamine sulfate salt was purchased from Sigma-Aldrich (St. Louis, MO, USA). HTCC was prepared 
from native chitosan (Sigma-Aldrich, St. Louis, MO, USA) according to the procedure described 
previously [10]. The solutions of heparin, protamine and HTCC were prepared in 0.9% NaCl. 

2.2. Animals 

The experiments were carried out using Wistar male rats. The animals were kept in plastic 
cages in a room temperature with a 12:12 light:dark cycle. They were fed with a standard chow diet 
and had free access to water. All experiments were conducted according to the Guidelines for 
Animal Experiments, Jagiellonian University, Poland. The study was approved by the First Local 
Ethical Committee on Animal Testing at the Jagiellonian University in Krakow, Poland (decision 
74/2010 valid from 7 July 2010 to July 2013; decision Zi/497/2009 valid from 9 February 2009 to 
9 February 2014). 

2.3. In Vitro Experiments 

The experiments were carried out on blood of rats weighing 430-495 g. Animals were anesthetized 
with 30 mg/kg sodium pentobarbital and carotid artery was cannulated. Arterial blood was collected 
into plastic tubes containing 3.18% sodium citrate (9:1, v:v blood to anticoagulant). Each sample, 
containing 1.5 mL of blood, was treated for 5 min with heparin alone at concentrations from 0.5 to 3.0 lU 
per 1.0 mL of blood. Blood was also freated with heparin in combination with HTCC or protamine at 
the concentration adjusted to neutralize heparin activity, i.e., 1.4 mg of HTCC and 1.2 mg of protamine 
for each 120 lU (about 1 mg) of heparin, the proportions determined previously using model buffers [10]. 
Then, the samples were mixed gently. In control samples, 0.9% NaCl was added to blood. Blood was 
also treated with HTCC or protamine alone at concentrations corresponding to those used in 
experiments with heparin. For measurements of blood clotting parameters, blood plasma was separated 
by centrifugation at 1200x g for 5 min at 4 °C, frozen and stored at -80 °C until coagulation assays 
were performed. Each experiment was performed three times. 

2.4. In Vivo Experiments 

In vivo experiments were performed on animals weighing 310-375 g. Animals were anesthetized 
with 30 mg/kg sodium pentobarbital and femoral vein and carotid artery were cannulated. The animals 
were divided into six experimental groups. 

Group 1 : confrol rats (« = 3) that received physiological saline i.v. (500 |j,L of 0.9%) NaCl). 
Group 2: rats (n = 3) prefreated with heparin i.v. (dissolved in saline, 1 lU/g body weight). 
Group 3: rats (n = 6) pretreated i.v. with heparin (1 lU/g body weight) and next with HTCC i.v. at a 
dose of 1 .4 mg per each 120 lU of given heparin. 

Group 4: rats {n = 6) were given i.v. injection of HTCC at a dose adjusted to neufralize heparin. 
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Group 5: rats {n = 3) pretreated i.v. with heparin (1 lU/g body weight) and then injected with 
protamine i.v. at a dose of 1.2 mg per each 120 lU of pre-injected heparin. 

Group 6: rats (n = 3) injected with protamine i.v. at a dose adjusted to neutralize heparin activity. 

The dose of heparin administered to rats was 1 lU/g body weight. The dose of protamine was 
based on the in vitro established neutralization dose, i.e., 1.2 mg:120 lU (protamine :heparin). 
The dose of HTCC administered to achieve a complete heparin neutralization was determined earlier 
in model buffers (PBS, 0.9% NaCl) and was based on the proportion 1.4 mg:120 lU (HTCC:heparin), 
thus the total HTCC dose administered i.v. was 11.6 mg/kg. These compounds were administered 
intravenously into femoral vein and blood samples were collected from carotid artery into plastic tubes 
containing 3.18% sodium citrate after 30 and 60 min. Before each tested substance administration 
control samples were collected. Blood samples were also collected 5 min after heparin administration. 
For the measurements of hemostatic parameters blood plasma was obtained in the same manner as in 
the in vitro tests. 

2.5. Hemostatic Parameters 

The coagulation screening tests, i.e., activated partial thromboplastin time (APTT), prothrombin 
time (PT), and fibrinogen (Fb) concentration were performed with commercially available coagulometer 
(Hemostasis Analyzer, Start-4®, Diagnostica Stago, Roche Diagnostics) by modifications of the 
conventional clinical procedures [12,13]. APTT and PT values are represented in seconds and Fb 
concentration is expressed as mg/dL. 

2.6. Pathomorphological Examination of the Liver 

The experiments were carried out on rats weighing 200-265 g. Rats were randomly divided into 
four groups (control group and three groups injected i.p. with various doses of HTCC). Each group 
consisted of 3 animals. The doses were 25, 200 and 500 mg/kg body weight i.p. for HTCC dissolved in 
physiological saline; 500 |a.L of 0.9% saline was injected as a control. The survival time of each animal 
was recorded for up to 24 h. Then animals were anesthetized with 30 mg/kg sodium pentobarbital and 
sacrificed by cervical dislocation. Livers of rats were fixed by the pulsating-perfusion method. At first, 
blood was washed out with saline, then 4% buffered formalin was injected. A portion of liver tissue 
was taken for histological evaluation. Liver tissue samples were embedded in paraffin blocks after 
routine tissue preparation procedures (dehydration in alcohol, clearing in xylitol), cut into 5 \ira thick 
sections with a microtome blade. Sections from the liver of each animal involved in the study were 
stained with hematoxylin and eosin for general histological investigations (for evaluation of 
necro-inflammatory grading), and with oil red O for the evaluation of fatty droplets. 

2.7. Statistical Analysis 

Data were expressed as the mean ± SEM. Statistical significance and differences among groups 
were determined by ANOVA one-way test, p < 0.05 values were considered statistically significant. 
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3. Results 

3.1. Effect of HTCC on Hemostatic Parameters of Rat Blood in Vitro 

Mean APTT value of rat blood in control experiments was 17.2 s ± 1.03 s = 3). The 
administration of heparin resulted in an increase of APTT level, observed for every half unit of heparin 
added (Figure 1). On the basis of these results, we chose a dose of 3 lU of heparin/mL of blood to 
study the effect of HTCC on hemostatic parameters. The selected dose of heparin was found to be 
suitable for stable and reproducible APTT elevation. HTCC caused a dose-dependent decrease in 
APTT level of heparinized rat blood (Figure 2). The most effective dose of chitosan was 1.4 mg 
per 120 lU of heparin, as determined earlier for model buffers [10]. The effect of HTCC administration 
on APTT level reduction was comparable to that produced with protamine (Figure 3 a). Neither 
modified chitosan nor protamine given alone influenced the APTT level, as compared to control 
(Figure 3 a). HTCC decreased PT in heparinized blood and this effect was similar to that produced by 
protamine (Figure 3b). In contrast to protamine, HTCC alone did not influence PT level (Figure 3b). 
As shown on Figure 3c, the addition of HTCC to heparinized blood resulted in a slight increase of 
flbrinogen concentration, however, this effect was not statistically signiflcant. 

Figure 1. HTCC and protamine reverse the anticoagulant effect of heparin as measured by 
APTT in rat blood in vitro (n = 3 experiments for each point), results are expresses as 
mean ± SEM, * p < 0.05 vs. heparin. 
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Figure 2, Effect of incremental concentration of HTCC on reversal of heparin activity 
(heparin used at a dose of 3 lU per 1 mL of blood sample) in rat blood in vitro. APTT 
values are expressed as mean ± SEM and 6 samples were used for each plotted data point. 
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Figure 3. The influence of heparin, HTCC, and protamine on APTT (a); FT (b) and 
fibrinogen (c) levels in rat blood in vitro (results are expressed as mean ± SEM from n = 6 
experiments; * p < 0.05 vs. heparin). 
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Figure 3. Cont. 
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3.2. Hemostatic Effects ofHTCC in Rats in Vivo 

There was no significant difference in APTT level in the control group during the evaluation period 
(0, 30 and 60 min) (Figure 4). After i.v. administration of heparin APTT was significantly increased, 
reaching maximal level (84.7 s ± 13.53 s) after 30 min (Figure 4). In rats pretreated with heparin, after 
HTCC administration the most significant drop of APTT and PT level was achieved just after 30 min 
and was still observed at 60 min after injection (Figure 4). Compared to the control group, HTCC as 
well as protamine injected alone, did not influence APTT or PT level (Figure 5a,b). As shown on 
Figure 5c, only protamine induced slight increase in fibrinogen level compared to the control group, 
but this effect was not statistically significant. 

Figure 4. Comparison of the effects of HTCC and protamine on APTT in blood 
in vivo (the plotted data are expressed as mean ± SEM fi-om n = 3-6 experiments, 
* p < 0.05 vs. heparin). 
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Figure 5. Effect of HTCC and protamine on coagulation tests: APTT (a); PT (b); 
fibrinogen concentration (c) in blood in vivo at 60 min after HTCC administration. The 
data are expressed as mean ± SEM (n = 3-6), * p < 0.05 vs. heparin). 
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Figure 6. Changes of histopathological image of rat liver after i.p. administration of HTCC 
(hematoxylin and eosin staining). (A,B) Photomicrographs of control rat liver. The lobular 
structure of the liver is preserved. Portal tracts of normal size, without increase of collagen 
fibers and without inflammatory infiltrates. Proper bile ducts are present in all portal tracts. 
The structure of the cytoplasm is preserved in all hepatocytes. No signs of fatty change 
(original magnification A x 20, B x 40); (C,D) Photomicrographs of rat liver after i.p. 
administration of 25 mg/kg of HTCC. The lobular structure of the liver is preserved. Portal 
tracts of normal size, without increase of collagen fibers and without infiammatory 
infiltrates. Proper bile ducts are present in all portal tracts. Microvesicular fatty change 
concentrated around central veins (zone 3 of Rappaport) is seen in about 40% of 
hepatocytes (original magnification C x 20, D x 40); (E,F) Photomicrographs of rat liver 
after i.p. administration of 200 mg/kg of HTCC. The lobular structure of the liver is 
preserved. The signs of congestion are visible. Portal tracts of normal size, without 
increase of collagen fibers and without infiammatory infiltrates. Proper bile ducts are 
present in all portal tracts. The structure of the cytoplasm is damaged in majority of 
hepatocytes. Isolated necrosis of hepatocytes mainly in the perivenular zone and sparse 
binucleated hepatocytes are present. No signs of fatty change (original magnification 
E X 20, F X 40); (G,H) Photomicrographs of rat liver after i.p. administration of 
500 mg/kg of HTCC. The lobular structure of the liver is preserved. The signs of severe 
congestion are visible. Portal tracts of normal size, without increase of collagen fibers and 
without inflammatory infiltrates. Proper bile ducts are present in all portal tracts. 
Microvesicular fatty change concentrated around central veins (zone 3 of Rappaport) is 
seen in about 80%-90% of hepatocytes (original magnification G x 20, H x 40). 
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Figure 6, Cont. 




3.3. Histopathological Findings 

All rats survived i.p. administration of HTCC. The histopathological assessment of liver was 
performed for all experimental groups. Rats in the saline control group showed normal, well defined 
liver histological structures without any signs of vascular or inflammatory changes (Figure 6A,B). All 
tested doses of HTCC did not influence the lobular structure of the liver and also portal tracts were 
intact without increase of collagen fibers and without infiammatory infiltrates. In histopathological 
evaluation of the liver tissue samples, there were no significant changes between control group and 
group administered with 25 mg/kg dose of HTCC. However, some fatty changes were observed after 
HTCC administration (Figure 6C,D). The 200 and 500 mg/kg doses of HTCC induced liver damage 
(Figure 6E-H). We observed some dose-dependent structural changes, like microvesicular fatty 
changes concentrated around central veins (zone 3 of Rappaport) in 40% of hepatocytes in group 
treated with 25 mg/kg of HTCC to 80%-90% of hepatocytes in the group treated with 500 mg/kg. 
However, in our study total dose of HTCC used i.v. in rats for reversing heparin activity 
was 11. 6 mg/kg and this dose appeared to be non-toxic. 

4. Discussion 

In this study, we have investigated antiheparin potential of HTCC by measuring its effects on blood 
hemostatic parameters in rats. It was shown earlier that HTCC had the ability of forming a complex 
with heparin [10]. However, this was only demonstrated in model buffers. Here, for the first time we 
have found that HTCC may neutralize anticoagulant activity of heparin also in blood, as revealed by 
significant APTT reduction in rats in vitro. Moreover, we also tested in vivo anticoagulant activity of 
HTCC. We have provided clear evidence that in rats pretreated with heparin, intravenous administration 
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of HTCC significantly lowers APTT level in a dose-dependent manner. In our experiments in rats the 
administration of HTCC at a dose of 1.4 mg per 120 lU of heparin (about 1 mg of heparin) effectively 
leads to the normalization of APTT. The pharmacological antiheparin activity of the studied pol5mier 
is comparable to that of protamine — ^the only agent used so far in clinic for heparin neutralization. 

To our knowledge, there are no reports, describing the effect of chitosan on coagulation parameters 
of heparinized blood in vivo and a number of significant restrictions to study this compound in vivo 
result fi-om its unfavorable physicochemical properties. It is well known, that high molecular weight 
and high viscosity of chitosan may limit its use in vivo [14]. Non-modified chitosan is soluble at acidic 
pH that makes it difficult to use it intravenously [15]. Therefore, several chemical methods have been 
developed to prepare safe and biologically active low molecular weight compounds. However, they are 
expensive since their synthesis is complicated and laborious [16-18]. That is why there is only a little 
data, regarding the effect of chitosan and its derivatives having different physicochemical properties on 
the blood coagulation in vivo. HTCC tested in this study has a good solubility at neutral pH (previously 
shown in model buffers) and thus it is possible to perform in vivo experiments involving its parenteral 
administration [10]. 

It is important to mention that chitosans with their diverse chemical structure show a variety of 
biological activities, and not all of these biological activities may be at the same time shown in all 
types of chitosans [4,19]. Chitosan has three types of reactive functional groups: an amino/acetamido 
group as well as primary and secondary hydroxyl groups. Many novel chitosan derivatives have been 
recently obtained by chemical modification of these groups [7]. However, the distribution of the acetyl 
groups along the chitosan molecules seems to be of crucial importance for its interaction with the 
biological systems [17]. In some cases the molecular weight plays a dominant role [19,20]. Regarding 
the effects of different chitosans on hemostasis, there are some reports of an in vitro and in vivo 
experiments and they are focused on their influence on platelet function, red blood cells aggregability, 
or blood coagulation time (BCT) [21-23]. It was shown that chitin and chitosan suspensions at 
concentrations up to 1 mg/mL reduced BCT significantly in a concentration-dependent manner and 
enhanced the release of some platelet factors (e.g., PDGF-AB, TGF-pi) [23]. On the other hand, it was 
found that chitosan is an effective inductor of platelet adhesion and aggregation and the mechanism of 
its action includes intracellular free Ca mobilization and enhancing expression of platelet GPIIb/IIIa 
complex, increasing the expression of allbp3 integrins and P-selectin [7,21,24,25]. These results 
indicate that hemostatic activity of chitosan may be independent of the classical coagulation cascade. 
However, it is also believed that coagulation of blood may be activated by chitosan and it appears to go 
via activation of platelets with the direct participation of plasma and extracellular matrix proteins [24]. 
It was already revealed that upon exposure of whole blood to chitosan the thrombus is formed 
very rapidly [7,26]. 

Zhang et al. measured in blood in vitro coagulative activity of chitosan hydrochloride with different 
degree of acetylation and molecular weight, using tube and capillary tube methods [7]. They found that 
the solution of chitosan hydrochloride with higher degree of acetylation (DA) and molecular weight 
(Mw) exhibited better hemostatic activity while for the powdered form of chitosan the effect of DA 
and Mw was only slight. Moreover, the comparative study carried out using solid chitosan and 
chitosan acetic acid physiological saline solution revealed disparate hemostatic mechanisms produced 
by different chitosans. The addition of chitosan acetic acid physiological saline solution to blood 
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resulted in the aggregation and deformation of erythrocyte membranes. However, solid-state chitosan 
with a high deacetylation degree bound more platelets and was more hemostatic [7]. The end-point of 
these cited studies was the analysis of platelet and/or erythroc5^e aggregatory function, however, there 
is still no assured verdict of the mechanism by which these different chitosans act to stop bleeding. 
Some researchers were convinced that chitosan could induce clot formation in the absence of platelets, 
thus postulating the platelet-independent mechanism [27]. Earlier it has been found that coagulation 
factors could not be activated by chitosan and its derivatives [27,28]. It should also be recalled that the 
lack of direct relation of chitosan with the intrinsic or extrinsic pathways of coagulation was observed 
as often [7,27] as that chitosan film may activate the coagulation complementary systems [24]. 

Our in vivo experiments in rats revealed that HTCC administered separately at doses adjusted for 
complete binding of heparin did not influence coagulation factors as evidenced by unchanged APTT, 
PT, and fibrinogen level. Thus, here we suggest that HTCC is a neutral and biocompatible polymer 
and it does not affect classical coagulation cascade. 

An organ damaged during in vivo experiments in rabbits revealed that chitosan could promote rapid 
blood clotting in lung, spleen and kidney injuries, and also reduces the amount of bleeding, exerting a 
substantial in vivo hemostatic effect [7]. However, all of these experiments were performed in the 
absence of exogenous heparin. Even in a therapeutically anticoagulated (heparinized) rabbit model, 
chitosan treatment could effectively bring bleeding time within the normal range [29]. Thus, the 
properties of chitosan to clot blood rapidly has gained its approval for use in internal bandages and 
other hemostatic agents. So far, only in its chemically purest form chitosan has an internal hemostatic 
dressing potential [7]. 

As revealed earlier in model buffers, HTCC is able to bind not only unfractionated heparin, but also 
low molecular weight heparins (LMWHs) [10]. This unexpected observation will be elucidated in vivo, 
since until now, there is not known antidote for LMWHs. It seems that cationic modification of 
chitosan may be responsible not only for a good solubility at neutral pH, but also for the increase of its 
chemical binding force both to heparin as well as to a variety of its derivatives [10]. 

At the same time, however, it cannot be excluded that chitosan modification leads also to its 
increased binding to other blood components (e.g., blood proteins, erythrocytes, platelets). Unlike 
chains of most of polysaccharides, the chitosan macromolecules are positively charged and this property 
may be responsible for many biological activities related to binding to negatively charged surfaces. 
Indeed, it was already found that large amounts of fibrinogen and other plasma proteins may be bound 
to chitosan [24]. According to our experiments, the level of fibrinogen, as measured both in vivo and 
in vitro as well as with or without the pretreatment with heparin, was not affected by the administration 
of HTCC. Till now we have not studied the influence of HTCC on other blood components. 

The term "chitosan" represents a large group of structurally different chemical entities obtained 
during the deacetylation of chitin under treatment with strong aqueous alkali. It is known that 
deacetylation degree is one of the most important features, which could influence biological activity 
of chitosan. Generally, the level of chitosan deacetylation is 70%-90% and it is thought that 70% 
deacetylation degree (DD 70%) is better and safer [5,15,30]. However, the higher acetylation, the 
lower solubility and higher possibility to induce an acute inflammatory response. 

On the other hand, it was reported that chitosans with acetylation degree higher than 35% show low 
toxicity [31]. In our study the acetylation of HTCC was found to be 21.1%) from the elemental analysis 
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(DD 78.9%). Since it is known that the cationic modification increases also zeta potential (a measure 
of the magnitude of the electrical charge at the double layer) that could lead to increasing cellular 
toxicity, we decided to test safety of in vivo administration of HTCC using a rat model of acute 
toxicity. We found that chitosan samples are subjected to particularly rapid plasma clearance after i.v. 
injection with good distribution to all organs and high concentration in the liver [32]. 

Based on histopathological analysis, we have found the features of steatosis in response to i.p. 
administration of tested substance in a dose of 25 mg/kg. After i.p. administration of HTCC in 200 
and 500 mg/kg/day doses, we found some features of the liver damage (microvesicular fatty changes 
concentrated around central veins, the signs of severe congestion). These findings are consistent with 
those fi-om other research which found hepato-nephrotoxicity induced by chitosan administration in 
mice [33]. Moreover, some studies regarding the interaction between human liver cells and chitosan 
nanoparticles in cell culture tests showed necrotic and autophagic cell death, possibly caused by the 
cell membrane damage by chitosan given at concentrations above 0.5% w/v [34]. It was also observed 
that oral 150 and 300 mg/kg doses of chitosan caused significant increase in the levels of liver 
enzymes in mice [33]. However, it was shown that chitosan may prevent liver injury. Some studies 
demonstrated that chitosan decreased plasma level of ALT and AST in the rat model of steatohepatitis 
or obesity and possesses the hepatoprotective activity [35-37]. It is well known that quaternized 
chitosans are non-cytotoxic and have many beneficial effects [10]. On the other hand, not all chitosan 
derivatives proved to be nontoxic — e.g., tertiary amines are less cytotoxic than primary ones as found 
by in study with Monomac cells [38]. 

The i.v. dose of HTCC used in rats to reverse heparin activity was 1 1.6 mg/kg. HTCC at the above 
dose is safe and, as revealed by the observation of the immediate normalization of APTT, it is a very 
strong heparin complexing agent. This phenomenon appears to be analogous to heparin complexation 
by protamine. Although chitosan has profound application in many fields of life, only several articles 
concern its harmful side effects. Unquestionably, chitosan could induce different dose-dependent 
organ damages [33,39]. Thus, special care should be taken especially when long term use of chitosan 
would be taken into account. 

During the last decade, several alternative methods were investigated for the reversal of 
heparin-induced anticoagulation. As an alternative to protamine administration a heparin removal 
device that uses extracorporeal circuit with plasma separation and poly-L-lysine affinity adsorption 
was proposed [40]. Methylene blue and vancomycin were also studied as heparin antidote. However, 
methylene blue produced incomplete reversal, and in comparison to protamine and vancomycin, it is 
toxic and ineffective. It seemed that for patients with protamine allergy hexadimethrine could be an 
alternative for heparin neutralization. However, some animal studies revealed its renal toxicity [41]. 
Some studies indicate that heparinase is highly effective in eliminating the anticoagulant activity of 
heparin in vitro in plasma from cardiac surgical patients [42]. On the other hand, heparinase used for 
heparin anticoagulation reversal in patient after aorto -coronary bypass graft surgery has inferior safety 
profile, compared to protamine [43]. In addition, platelet factor 4 is a very promising compound as a 
heparin-binding protein and was used safely in recombinant form in patients after cardiac 
catheterization [44]. Likewise, concatemeric heparin-binding peptides are potential candidates for the 
clinical reversal of heparin in humans [45]. In the above context it should finally be noted that HTCC 
may represent a completely novel class of heparin-neutralizing agents. 
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There are also some limitations to the present study that we want to underline strongly at 
the end of this discussion. We used APTT and PT as the end-point for heparin reversal and these are 
routinely measured standard parameters of blood coagulation [46,47]. However, there are data 
supporting also the application of anti-Xa, anti-IIa, and thrombin generation assays for anticoagulation 
measuring [13,48,49]. However, as yet there is no gold standard for the determination of complete 
heparin activity reversal, especially in animal studies [12,50]. The methods and reagents used in our 
study are particularly suitable for basal determination of functioning of extrinsic and intrinsic 
pathways of coagulation system. It seems important to test the participation of other elements of 
coagulation system, e.g., a function of blood platelets, red blood cells and vascular wall (endothelial 
function), in response to HTCC. Thus, further studies will certainly be needed. 

5. Conclusions 

In summary, HTCC is very effective in reversing heparin-induced anticoagulation both in vitro and 
in vivo in rats and its potency is comparable to that of protamine. As revealed by the anticoagulation 
measurements and histopathological results HTCC, when administered alone at doses adjusted for 
effective heparin complexation, is non-toxic and safe. This study for the first time shows the importance 
of cationically modified chitosans for potential development of a qualitatively new class of anti-heparins. 

Acknowledgments 

This study was financially supported by the grant from Polish Ministry of Science and Higher 
Education nr K/ZDS/002282 for years 201 1-present. 

Author Contributions 

Barbara Lorkowska-Zawicka, Krzysztof Szczubialka and Ryszard Korbut were responsible for the 
conception and design of the study. Barbara Lorkowska-Zawicka, Kamil Kamihski, Justjoia Ciejka, 
Rafal Olszanecki were responsible for analyses of the samples. Magdalena Bialas, Krzysztof Okoh 
were responsible for analyses of the samples-pathomorphological analyses. Krzysztof Szczubialka, 
Dariusz Adamek, Maria Nowakowska, Jacek Jawieh, Ryszard Korbut were responsible for the 
interpretation of the data. 

Barbara Lorkowska-Zawicka drafted the article. All authors revised the paper critically for 
important intellectual content and gave final approval of the version to be published. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Chang, L.C.; Liang, J.F.; Lee, H.F.; Lee, L.M.; Yang, V.C. Low molecular weight protamine 
(LMWP) as nontoxic heparin/low molecular weight heparin antidote (II): In vitro evaluation of 
efficacy and toxicity. AAPS Pharm. Sci. 2001, 2, 15-23. 



Mar. Drugs 2014, 12 



3961 



2. Lever, R.; MuUoy, B.; Page, CP. Heparin — century of progress. Handb. Exp. Pharmacol. 
2012, 207, 265-276. 

3. Chandy, T.; Sharma, CP. Chitosan — ^As a biomaterial. Biomater. Artif. Cells Artif. Organs 1990, 
18, 1-24. 

4. Kate, Y.; Onishi, H.; Machida, Y. Application of chitin and chitosan derivatives in the 
pharmaceutical field. Curr. Pharm. Biotechnol. 2003, 4, 303-309. 

5. Ravi Kumar, M.N.V. A review of chitin and chitosan applications. React. Fund. Polym. 2000, 46, 
1-27. 

6. Van der Lubben, I.M.; Verhoef, J.C; Borchard, G.; Junginger, H.E. Chitosan and its derivatives 
in mucosal drug and vaccine delivery. Eur. J. Pharm. Sci. 2001, 14, 201-207. 

7. Zhang, J.; Xia, W.; Liu, P.; Cheng, Q.; Tahirou, T.; Gu, W.; Li, B. Chitosan modification and 
pharmaceutical/biomedical applications. Mar. Drugs 2010, 8, 1962-1987. 

8. Lee, J.K.; Kim, S.U.; Kim, J.H. Modification of chitosan to improve its h5^ocholesterolemic 
capacity. Biosci. Biotechnol. Biochem. 1999, 63, 833-839. 

9. Pangestuti, R.; Kim, S.-K. Neuroprotective properties of chitosan and its derivatives. Mar. Drugs 
2010, 5,2117-2128. 

10. Kamihski, K.; Szczubialka, K.; Zazakowny, K.; Lach, R.; Nowakowska, M. Chitosan derivatives 
as novel potential heparin reversal agents. J. Med. Chem. 2010, 53, 4141-4147. 

11. Kamihski, K.; Zazakowny, K.; Szczubialka, K.; Nowakowska, M. pH-Sensitive genipin-cross-linked 
chitosan microspheres for heparin removal. Biomacromolecules 2008, 9, 3127-3132. 

12. Garcia-Manzano, A.; Gonzalez-Llaven, J.; Lemini, C; Rubio-Poo, C. Standardization of rat blood 
clotting tests with reagents used for humans. Proc. West. Pharmacol. Soc. 2001, 44, 153-155. 

13. Lemini, C; Jaimez, R.; Franco, Y. Gender and inter-species influence on coagulation tests of rats 
and mice. Thromb. Res. 2007, 120, 415^19. 

14. Nam, K.-S.; Kim, M.-K.; Shon, Y.-H. Chemopreventive effect of chitosan oligosaccharide against 
colon carcinogenesis. J. Microbiol. Biotechnol. 2007, 17, 1546-1549. 

15. Kean, T.; Thanou, M. Biodegradation, biodistribution and toxicity of chitosan. Adv. Drug 
Deliv. Rev. 2010,62, 3-11. 

16. Aranaz, 1.; Mengibar, M.; Harris, R.; Panos, 1.; Miralles, B.; Acosta, N.; Galed, G.; Heras, A. 
Functional characterisation of chitin and chitosan. Curr. Chem. Biol. 2009, 3, 203-230. 

17. Niederhofer, A.; Miiller, B.W. A method for direct preparation of chitosan with low molecular 
weight from fungi. Eur. J. Pharm. Biopharm. 2004, 57, 101-105. 

18. Sashiwa, H.; Aiba, S. Chemically modified chitin and chitosan as biomaterials. Prog. Polym. Sci. 
2004, 29, 887-908. 

19. Lin, S.-B.; Lin, Y.-C; Chen, H.-H. Low molecular weight chitosan prepared with the aid of 
cellulase, lysozyme and chitinase: Characterisation and antibacterial activity. Food Chem. 2009, 
116, 47-53. 

20. Lee, CG. Chitin, chitinases and chitinase-like proteins in allergic infiammation and tissue 
remodeling. YonseiMed. J. 2009, 50, 22-30. 

21. Chou, T.-C; Fu, E.; Wu, C.-J.; Yeh, J.-H. Chitosan enhances platelet adhesion and aggregation. 
Biochem. Biophys. Res. Commun. 2003, 302, 480—483. 



Mar. Drugs 2014, 12 



3968 



22. Janvikul, W.; Uppanan, P.; Thavornyutikarn, B.; Krewraing, J.; Prateepasen, R. In vitro 
comparative hemostatic studies of chitin, chitosan, and their derivatives. J. Appl. Polym. Sci. 
2006, 102,445^51. 

23. Okamoto, Y.; Yano, R.; Miyatake, K.; Tomohiro, I.; Shigemasa, Y.; Minami, S. Effects of chitin 
and chitosan on blood coagulation. Carbohydr. Polym. 2003, 53, 337-342. 

24. Benesch, J.; Tengvall, P. Blood protein adsorption onto chitosan. Biomaterials 2002, 23, 
2561-2568. 

25. Lord, M.S.; Cheng, B.; McCarthy, S.J.; Jung, M.; Whitelock, J.M. The modulation of platelet 
adhesion and activation by chitosan through plasma and extracellular matrix proteins. 
Biomaterials 2011, 32, 6655-6662. 

26. Dowling, M.B.; Kumar, R.; Keibler, M.A.; Hess, J.R.; Bochicchio, G.V.; Raghavan, S.R. 
A self-assembling hydrophobically modified chitosan capable of reversible hemostatic action. 
Biomaterials 2011, 32, 3351-3357. 

27. Rao, S.B.; Sharma, CP. Use of chitosan as a biomaterial: Studies on its safety and hemostatic 
potential. J. Biomed. Mater. Res. 1997, 34, 21-28. 

28. Yang, J.; Tian, F.; Wang, Z.; Wang, Q.; Zeng, Y.; Chen, S. Effect of chitosan molecular weight 
and deacetylation degree on hemostasis. J. Biomed. Mater. Res. Part B Appl. Biomater. 2008, 
84B, 131-137. 

29. Klokkevold, P.R.; Fukayama, H.; Sung, E.C.; Bertolami, C.N. The effect of chitosan (poly-A^-acetyl 
glucosamine) on lingual hemostasis in heparinized rabbits. J. Oral Maxillofac. Surg. 1999, 57, 
49-52. 

30. Kurita, K. Controlled functionalization of the polysaccharide chitin. Prog. Polym. Sci. 2001, 26, 
1921-1971. 

31. Schipper, N.; Varum, K.; Artursson, P. Chitosans as absorption enhancers for poorly absorbable 
drugs. 1: Influence of molecular weight and degree of acetylation on drug transport across human 
intestinal epithelial (Caco-2) cells. Pharm. Res. 1996, 13, 1686-1692. 

32. Richardson, S.C.; Kolbe, H.V.; Duncan, R. Potential of low molecular mass chitosan as a DNA 
delivery system: Biocompatibility, body distribution and ability to complex and protect DNA. 
Int. J. Pharm. 1999, 178, 231-243. 

33. Omara, E.A.; Aly, H.F.; Nada, S.A. Chitosan induced hepato-nephrotoxicity in mice with special 
reference to gender effect in glycol5^ic enzymes activities. Regul. Toxicol. Pharmacol. 2012, 62, 
29-40. 

34. Loh, J.W.; Yeoh, G.; Saunders, M.; Lim, L.-Y. Uptake and cytotoxicity of chitosan nanoparticles 
in human liver cells. Toxicol. Appl. Pharmacol. 2010, 249, 148-157. 

35. Farouk, M.; Atiat, M.; Abd El-Rahman, M.; Ashraf, A.; Abd El-Karim, I. Effect of some drugs 
and herbs on experimental rats suffering from obesity. Res. J. Specif. Educ. 2011, 697-724. 

36. Sethumadhavan Santhosh, T.K.S. Hepatoprotective activity of chitosan against isoniazid and 
rifampicin-induced toxicity in experimental rats. Eur. J. Pharmacol. 2007, 572, 69-73. 

37. Zhou, G.-D.; Li, M.-R.; Zhang, J.; Pan, D.; Zhao, S.-X.; Yang, J.-F.; Yu, J.; Zhao, J.-M. Chitosan 
ameliorates the severity of steatohepatitis induced by high fat diet in rats. Scand. J. Gastroenterol. 
2008, 43, 1371-1377. 



Mar. Drugs 2014, 12 



3969 



38. Sobol, M.; Bartkowiak, A.; de Haan, B.; de Vos, P. Cytotoxicity study of novel water-soluble 
chitosan derivatives applied as membrane material of alginate microcapsules. J. Biomed. Mater. 
Res. A 2012, lOOA, 1907-1914. 

39. Tanaka, Y.; Tanioka, S.; Tanaka, M.; Tanigawa, T.; Kitamura, Y.; Minami, S.; Okamoto, Y.; 
Miyashita, M.; Nanno, M. Effects of chitin and chitosan particles on BALB/c mice by oral and 
parenteral administration. Biomaterials 1997, 18, 591-595. 

40. Zwischenberger, J.B.; Vertrees, R.A.; Brunston, R.L., Jr.; Tao, W.; Alpard, S.K.; Brown, P.S., Jr. 
Application of a heparin removal device in patients with known protamine hypersensitivity. 
J. Thorac. Cardiovasc. Surg. 1998, 115, 729-731. 

41. Kikura, M.; Lee, M.K.; Levy, J.H. Heparin neutralization with methylene blue, hexadimethrine, 
or vancomycin after cardiopulmonary bypass. Anesth. Analg. 1996, 83, 223-227. 

42. Despotis, G.J.; Summerfield, A.L.; Joist, J.H.; Goodnough, L.T.; Santoro, SA.; Zimmermann, J.J.; 
Lappas, D.G. In vitro reversal of heparin effect with heparinase: Evaluation with whole blood 
prothrombin time and activated partial thromboplastin time in cardiac surgical patients. 
Anesth. Analg. 1994, 79, 670-674. 

43. Stafford-Smith, M.; Lefrak, EA.; Qazi, A.G.; Welsby, I.J.; Barber, L.; Hoeft, A.; Dorenbaum, A.; 
Mathias, J.; Rochon, J.J.; Newman, M.F. Efficacy and safety of heparinase I vs. protamine in 
patients undergoing coronary artery bypass grafting with and without cardiopulmonary bypass. 
Anesthesiology 2005, 103, 229-240. 

44. Dehmer, G.J.; Fisher, M.; Tate, D.A.; Teo, S.; Bonnem, E.M. Reversal of heparin anticoagulation 
by recombinant platelet factor 4 in humans. Circulation 1995, 91, 2188-2194. 

45. Schick, B.P.; Maslow, D.; Moshinski, A.; San Antonio, J.D. Novel concatameric heparin-binding 
peptides reverse heparin and low-molecular-weight heparin anticoagulant activities in patient 
plasma in vitro and in rats in vivo. Blood 2004, 103, 1356-1363. 

46. Kurata, M.; Sasayama, Y.; Yamasaki, N.; Kitazawa, I.; Hamada, Y.; Horii, I. Mechanism for 
shortening PT and APTT in dogs and rats — effect of fibrinogen on PT and APTT. J. Toxicol. Sci. 
2003, 28, 439^43. 

47. Tabata, H.; Nakamura, S.; Matsuzawa, T. Some species differences in the false prolongation of 
prothrombin times and activated partial thromboplastin times in toxicology. Comp. Haematol. Int. 
1995, 5, 140-144. 

48. Dempfie, C.-E.; Borggrefe, M. Do we need thrombin generation assays for monitoring 
anticoagulation? Thromb. Haemost. 2008, 100, 179-180. 

49. Nielsen, V.G. The detection of changes in heparin activity in the rabbit: A comparison of anti-xa 
activity, thrombelastography, activated partial thromboplastin time, and activated coagulation 
time. Anesth. Analg. 2002, 95, 1503-1506. 

50. Fuller, J.; Woodman, D.D. Evaluation of a 2-stage automated coagulometer for multispecies 
studies. Lab. Anim. 1981, 15, 53-55. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attiibution license 
(http://creativecommons.Org/licenses/by/3.0/). 



